Early detection of oral cancer and oral premalignant lesions (OPLs) containing dysplasia could improve oral cancer outcomes. However, general dental practitioners have difficulty distinguishing dysplastic OPLs from confounder oral mucosal lesions in low-risk populations. We evaluated the ability of two optical imaging technologies, autofluorescence imaging (AFI) and high-resolution microendoscopy (HRME), to diagnose moderate dysplasia or worse (ModDys+) in 56 oral mucosal lesions in a low-risk patient population, using histopathology as the gold standard, and in 46 clinically normal sites. AFI correctly diagnosed 91% of ModDys+ lesions, 89% of clinically normal sites, and 33% of benign lesions. Benign lesions with severe inflammation were less likely to be correctly diagnosed by AFI (13%) than those without (42%). Multimodal imaging (AFI +HRME) had higher accuracy than either modality alone; 91% of ModDys+ lesions, 93% of clinically normal sites, and 64% of benign lesions were correctly diagnosed. Photos of the 56 lesions were evaluated by 28 dentists of varied training levels, including 26 dental residents. We compared the area under the receiver operator curve (AUC) of clinical impression alone to clinical impression plus AFI and clinical impression plus multimodal imaging using k-Nearest Neighbors models. The mean AUC of the dental residents was 0.71 (range: 0.45-0.86). The addition of AFI alone to clinical impression slightly lowered the mean AUC (0.68; range: 0.40-0.82), whereas the addition of multimodal imaging to clinical impression increased the mean AUC (0.79; range:
Introduction
Oral cancer is a significant contributor to the global cancer burden. Worldwide, there are over 300,000 new cases of oral cancer each year, resulting in 145,000 deaths [1] . Rates of oral cancer are particularly high in South Asia due to betel quid chewing [2] . Despite advances in management [3] , rates of survival have not improved significantly, with late stage diagnosis being a major reason. In the United States, 65% of diagnoses occur after regional metastasis; these patients have a 50% five-year survival rate. In contrast, the fiveyear survival rate is 83% if oral cancer is diagnosed when localized [4] . Globally, survival rates for oral cancer are even lower than in the US [5] ; late diagnosis is even more common in low-and middle-income countries.
Most oral cancers are preceded by oral premalignant lesions (OPLs), a group of oral mucosal lesions including leukoplakia, erythroplakia, and submucous fibrosis [6, 7] . OPLs containing dysplasia have a particularly high risk of malignant progression. Dysplasia ranges in grade from mild to moderate to severe, with worse grades having higher risk [8] . Early detection of oral cancers and dysplastic OPLs could dramatically improve outcomes.
Over 60% of adults visit a dentist each year [9] , making routine dental care a promising setting in which to improve early detection. General dental practitioners (GDPs) face two major barriers to improved early detection. First, the majority of oral mucosal lesions identified during routine dental visits are not OPLs and instead are benign confoundersinnocuous inflammatory or reactive oral mucosal lesions [10] [11] [12] [13] [14] [15] [16] . Most GDPs lack the skills to distinguish OPLs from these benign confounders. In one study, 32 Spanish GDPs shown 50 photos of oral mucosal lesions and their clinical history discriminated oral cancer and OPLs from benign confounders with a 57.8% sensitivity and 53% specificity [17] . Second, even in the hands of expert providers, conventional oral exam (COE) cannot accurately distinguish dysplastic OPLs from non-dysplastic OPLs. A recent meta-analysis concluded that COE had a 93% sensitivity but only a 31% specificity to distinguish dysplasia and cancer from benign lesions [18] . Therefore, biopsies are required for definitive diagnosis, but they are highly invasive, resource intensive, do not provide immediate results, and often result in underdiagnosis due to sampling bias. Additionally, many GDPs are reluctant to perform biopsies because of unfamiliarity with biopsy technique and lack of faith in choosing representative biopsy sites [19] [20] [21] . Diagnostic adjuncts capable of distinguishing OPLs from benign confounders, distinguishing dysplastic OPLs from non-dysplastic OPLs, and guiding biopsies to the most abnormal part of a lesion could help GDPs better identify patients with high-risk OPLs for diagnosis and referral. Current guidelines do not recommend commercially available point of care adjuncts such as toluidine blue, acetowhitening, and autofluorescence imaging (AFI) [22, 23] , in part due to low accuracy in distinguishing OPLs from benign confounders. For example, AFI consists of the noninvasive, macroscopic imaging of native tissue fluorescence under blue excitation light. AFI has a high sensitivity for the detection of dysplasia and cancer, which are associated with loss of fluorescence. As dysplasia develops, increased epithelial metabolic activity, thickness, and scattering combined with stromal microvascularization and collagen crosslink degradation result in decreased blue-green fluorescence and occasional increased red fluorescence associated with protoporphyrins [24, 25] . Our group has found that dysplasia and cancer are therefore associated with an elevated red to green fluorescence ratio relative to the same ratio in normal oral mucosa (called the normalized RG ratio) [26] . The major limitation of AFI is that benign lesions frequently demonstrate a loss of fluorescence similar to dysplasia and cancer, leading to false positives. Stromal inflammation, which is common in benign confounders, may be responsible [27] . In one study of 126 patients with suspicious lesions, AFI had a sensitivity of 84.1% for oral dysplasia but a specificity of only 15.3% [28] . This limitation is critical in community dental clinics, where benign confounders are more prevalent.
Our group has developed a device called the high-resolution microcroendoscope (HRME) capable of identifying dysplasia and cancer in the oral mucosa, cervix, and esophagus [29] [30] [31] [32] [33] [34] . The HRME is a flexible fiber optic fluorescence microscope that can image epithelial nuclei using the topical contrast agent proflavine [35] . Nuclear features of dysplasia and cancer such as increased nuclear to cytoplasm (NC) ratio and nuclear crowding are easy to assess in HRME images. The HRME images only the surface epithelium, resulting in improved specificity even in the presence of stromal inflammation [31, 34] . However, the HRME has a <1 mm field of view, which is too small to assess an entire lesion.
We hypothesize that combining AFI with HRME ("multimodal imaging") could allow clinicians to exploit the advantages of each modality. With its large field of view, AFI could identify suspicious regions with high sensitivity followed by HRME imaging within those regions to improve specificity. Previous studies showed that the combination of normalized RG ratio and nuclear features from AFI and HRME images, respectively, accurately distinguished benign oral mucosa from moderate to severe dysplasia and cancer in patients receiving surgery for oral lesions, most of which contained cancer or high-grade dysplasia [31, 34] .
The goal of this study was to explore the use of AFI and HRME in evaluating more common, low-risk oral mucosal lesions typically encountered in a general dental practice. First, we assessed the diagnostic performance of AFI and HRME individually and combined to detect moderate dysplasia to cancer in oral mucosal lesions, using histopathology as the gold standard, and in clinically normal mucosa. Then, dentists of varied training levels evaluated photos of these same lesions; we compared the area under the receiver operator curve (AUC) of their clinical impression alone to that of clinical impression plus AFI and to clinical impression plus both imaging modalities.
Materials and Methods

Human Subjects
The study was performed at the UTHealth School of Dentistry in Houston, Texas (UTSD-Houston) in accordance with recognized ethical guidelines. Protocols were approved by the Institutional Review Boards at UTSD and Rice University. Patients 18 years or older with at least one oral mucosal lesion were recruited. Written informed consent was obtained from all subjects.
Instrumentation
The AFI and HRME devices have been previously described [31, 34] . The AFI device images a 4.5 cm diameter field of view (FOV) with a 100 μm lateral spatial resolution and collects images in two modes: reflectance imaging under white-light illumination, and autofluorescence imaging under 405 nm excitation light. The HRME is a compact epifluorescence fiber optic microscope with a 720 μm diameter field of view and 4.4 μm lateral spatial resolution. Imaging occurs with 455 nm excitation light following topical application of 0.01% w/v proflavine, a fluorescent contrast agent that stains cell nuclei. The HRME collects data in 3-second videos at 10 frames per second. The Both devices were built using off-the-shelf components with a combined cost of ~$5000 and interface with a consumer grade laptop.
Clinical Data Collection
Clinical Evaluation-An oral pathologist with expertise in oral mucosal diseases ('expert clinician', NV) inspected the oral mucosa of subjects and identified one or more clinically abnormal areas defined as oral mucosal lesions. In some subjects, the expert clinician also identified areas of clinically normal mucosa, adjacent or distant to the lesion(s). The expert clinician then provided a clinical impression at each lesion and area of clinically normal mucosa using the following scale: 1) normal oral mucosa, 2) oral mucosal lesion, not suspicious for dysplasia or cancer, 3) oral mucosal lesion, suspicious for dysplasia or cancer, and 4) cancer.
Imaging Procedure-The AFI device acquired a series of images at each lesion and area of clinically normal mucosa (henceforth known as "sites") using both white-light reflectance and autofluorescence modes. Room lights were turned off to minimize the effects of ambient light. Then, proflavine was applied to each site with a cotton-tipped swab. The clinician placed the HRME probe directly on each site and acquired a series of videos. Because the probe has a small field of view, only a portion of the site was imaged. The HRME is insensitive to ambient light, so imaging was performed with room lights on.
Histopathology-Biopsies were performed according to standard of care, independent of imaging. Tissue specimens were evaluated histopathologically using standard UTSD-Houston procedures and later reviewed by an expert oral pathologist (NV). Each biopsy was categorized as benign (no dysplasia or mild dysplasia) or ModDys+ (moderate dysplasia, severe dysplasia, or oral squamous cell carcinoma). Mild dysplasia was considered benign due to its low risk for malignant progression and the difficulty of distinguishing mild dysplasia from benign reactive epithelial atypia in this patient population. The presence of stromal inflammation was also recorded and classified as severe or not severe. No clinically normal sites were biopsied.
Image Analysis
Analyzed Sites-Lesions were analyzed if and only if an incisional or excisional biopsy of the lesion was obtained on the same day as imaging. All imaged clinically normal sites were analyzed.
Widefield Autofluorescence-A single autofluorescence image for each site was selected by a reviewer blinded to histopathology results based on lack of motion artifact, lack of saturated pixels, good focus, and visible oral mucosa surrounding the site. Then, the normalized RG ratio of the site was calculated as previously described [34] .
Briefly, the normalized RG ratio was defined as the average ratio of the red intensity to the green intensity at each pixel in the site, divided by the same quantity in a region of normal mucosa. The normal region was defined as the 65×65 square of mucosa with the lowest RG ratio and was identified using an automated algorithm as follows. First, the mucosa in the image was outlined to exclude teeth and dental instruments. Then, the RG ratio at each pixel within the mucosa was calculated and smoothed with a 65×65 mean filter. The pixel with the lowest value after smoothing was set as the center of the normal region. All calculations were performed using an automated MATLAB (The Mathworks, Natick, Massachusetts) script.
One lesion consisted of two discrete regions of differing autofluorescence. A histogrambased method was used to segment the lesion into two regions, and the region with the higher RG ratio was selected to represent the site. This choice mimics histopathology, in which the area within a biopsy with the worst histopathologic findings is most representative.
HRME-At least one high quality image was selected from the HRME videos corresponding to each site by a reviewer blinded to histopathology results. In cases where HRME images were obtained from different locations within a site, multiple high quality HRME images were identified. The quality of an image was determined subjectively by a combination of factors including 1) good focus, 2) lack of motion artifact, and 3) visible nuclei in >50% of the FOV. Sites without an image of sufficient quality were excluded from analysis. The nuclei in each selected image were segmented to calculate the nuclear-tocytoplasm ratio (NC ratio) using a custom MATLAB script. To mimic histopathology, sites with more than one selected image were represented by the image with the highest NC ratio.
Evaluation of Diagnostic Accuracy-To assess the diagnostic performance of AFI and HRME, sites with images exceeding a threshold normalized RG ratio or NC ratio, respectively, were classified as ModDys+. The thresholds were set to correspond to 91% sensitivity, and specificity was evaluated at those thresholds. Similarly, the performance of AFI plus HRME was assessed using a linear discriminant based on the normalized RG ratio and NC ratio corresponding to a 91% sensitivity. The specificity was evaluated for this classifier. Positive predictive value (PPV) and negative predictive value (NPV) of AFI, HRME, and AFI plus HRME were also calculated for lesions. The Wilson score interval was used to calculate 95% confidence intervals (CIs), and McNemar's test with Yates continuity correction was used to compare specificities. Histopathology was the gold standard for lesions, and clinically normal sites were assumed to be benign. The sensitivity and specificity of lesions were used to calculate positive and negative likelihood ratios (LR+, LR-), with 95% CIs calculated as described by Simel et al [36] . Finally, two-tailed chisquare tests were used to assess whether benign lesions with severe stromal inflammation were more likely to be false positives by AFI, HRME, and AFI plus HRME than those without severe stromal inflammation.
Dentist Clinical Impression Survey
A survey of 26 dental residents of varied specialties at UTSD-Houston ('non-experts') and two faculty-level oral pathology and oral medicine specialists ('other experts') was conducted to obtain additional clinical impression data for each analyzed lesion. Participants were shown the reflectance white-light images of all analyzed lesions along with the patients' age and sex. They then rated each site with the same clinical impression scale used by the 'expert clinician'. AUCs were calculated using the 1-4 scale to assess each of the 28 surveyed dentist's ability to distinguish ModDys+ from benign lesions. Sensitivity, specificity, PPV, NPV, LR+, and LR-were also calculated, considering clinical impressions ≥3 as ModDys+. The same metrics were calculated for the expert clinician, for a total of 29 dentists.
Clinical Impression Combined with Imaging
To assess whether the addition of imaging information could improve the 29 dentists' diagnostic ability, two diagnostic algorithms were developed using the k-Nearest Neighbors (k-NN) model. k-NN models set the probability that a lesion is ModDys+ equal to the percentage of the k lesions with the most similar clinical impression and imaging results that are ModDys+. The first algorithm combined clinical impression with the normalized RG ratio from AFI, and the second algorithm combined clinical impression with the normalized RG ratio from AFI and the NC ratio from HRME. The AUC of each dentist after incorporating imaging information was determined with the probabilities calculated by the k-NN algorithms. Two-tailed paired t-tests were used to determine if the changes in the mean AUC of the non-experts due to imaging information were statistically significant. They were not performed for the expert clinician or additional experts due to low sample size.
To avoid overfitting, AUCs were calculated by averaging 50 runs of 10-fold stratified crossvalidation ( Figure 1 ). The full dataset consisted of 29 clinical impressions paired with imaging feature(s) and a pathologic diagnosis for each analyzed lesion. For each fold, the training set (Figure 1 , white squares) consisted of all 29 clinical impressions paired with imaging feature(s) and pathologic diagnosis for nine-tenths of the lesions. The corresponding validation set (Figure 1 , black squares) contained the same data for the remaining one-tenth of the lesions. Each training set was used to train a k-NN algorithm, which predicted the probability that the lesions in the corresponding validation set were ModDys+ for each of the 29 dentists. These probabilities were used to calculate each dentist's AUC with imaging information incorporated, which were averaged across the 10 validation sets. The final AUC of each dentist was the average of all 50 cross-validation runs. Calculations were performed with a custom MATLAB script, and the k-NN algorithms were trained with MATLAB's fitcknn function using the Euclidian distance metric and k=350.
Results
Analyzed Sites
Seventy-two lesions in 69 patients were imaged with the AFI and HRME and received a clinically indicated incisional or excisional biopsy on the same day. Of these, one lesion was excluded from further analysis due to a histopathologic diagnosis of koilocytic dysplasia, and another was excluded due to a diagnosis of lymphoma. Koilocytic dysplasia in the oral epithelium is thought to be associated with HPV, but its potential for malignant transformation is unknown [37] . While lymphoma is malignant, the purpose of the study was to diagnose oral squamous cell carcinoma and its precursors. Fourteen lesions were excluded due to lack of a sufficient quality HRME image. Forty-nine clinically normal sites in 48 patients were imaged with the AFI and HRME; of these, three were excluded due to lack of a sufficient quality HRME image.
In sum, data from 102 sites in 68 patients were analyzed, including 56 lesions in 54 patients and 46 clinically normal sites in 45 patients (Table 1 ). Twenty percent of the lesions were ModDys+ (11/56), and 80% of the lesions were benign (45/56). The anatomic sites of the 56 oral lesions were: buccal (20) , dorsal tongue (3), gingiva (9), palate (5), ventrolateral tongue (19) . The anatomic locations of the 46 clinically normal sites were: buccal (18), dorsal tongue (3), gingiva (5), palate (3), ventrolateral tongue (17) . Figure 2 shows the images obtained from four representative sites. The first column depicts a clinically normal site (Figure 2A , white arrow) on the right buccal mucosa posterior to a histopathologically diagnosed benign fibroma. No loss of fluorescence is visually apparent in the corresponding autofluorescence image ( Figure 2B ) when comparing the site (red rectangle) and the automatically selected normal region (green square) based on the manually outlined mucosa (green polygon). The normalized RG ratio was 1.24. The nuclei in the HRME image ( Figure 2C ) are small, circular, and evenly spaced, consistent with benign epithelium. The NC ratio was 0.04.
Representative Sites
The second column shows a lesion ( Figure 2D ) on the dorsal tongue with an expert clinician clinical impression of "oral mucosal lesion, not suspicious for dysplasia or cancer". The lesion does not demonstrate loss of fluorescence ( Figure 2E ), and the normalized RG ratio was 1.01. The nuclei in the HRME image ( Figure 2F ) are small and evenly spaced, with an NC ratio of 0.14. The site was diagnosed histopathologically as a benign fibroma negative for severe inflammation, consistent with the expert clinician's clinical impression, AFI, and HRME.
The third column shows a lesion ( Figure 2G ) on the right buccal mucosa with an expert clinician clinical impression of "oral mucosal lesion, suspicious for dysplasia or cancer" and visible loss of fluorescence on the AFI image ( Figure 2H ). The normalized RG ratio was 2.04. However, the nuclei on the HRME image ( Figure 2I 
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Author Manuscript an NC ratio of 0.17, consistent with benign mucosa. The histopathologic diagnosis was lichenoid mucositis, a benign lesion. Therefore, this site was a false positive by the expert clinician's clinical impression and AFI but was correctly diagnosed by HRME. The lesion was positive for severe stromal inflammation, consistent with the hypothesis that inflammation is associated with loss of autofluorescence leading to false positive results.
The fourth column shows a lesion ( Figure 2J ) on the right gingiva with an expert clinician clinical impression of cancer. The site is located in the dark region of the autofluorescence image ( Figure 2K ), indicating loss of fluorescence compared to the brighter normal region. The normalized RG ratio was 2.41. Unlike the other three sites, the nuclei in the HRME image ( Figure 2L ) are large, eccentric, and irregularly spaced with an NC ratio of 0.18, consistent with ModDys+. The site was histopathologically diagnosed as moderately differentiated squamous cell carcinoma, consistent with expert clinician clinical impression, AFI, and HRME. The site was positive for severe inflammation.
Diagnostic Performance of Imaging
To assess performance more systematically, the NC ratio vs. normalized RG ratio of each site was plotted ( Figure 3A-B) . A normalized RG ratio threshold of 1.83 ( Figure 3A , vertical dotted line) correctly diagnosed 91% (10/11; 95% CI: 62%-98%) of ModDys+ lesions and 89% (41/46; 95% CI: 77%-95%) of clinically normal sites, but only 33% (15/45; 95% CI: 21%-48%) of benign lesions. The PPV and NPV for lesions were 25% (10/40; 95% CI: 14%-40%) and 94% (15/16; 95% CI: 72%-99%), respectively. The LR+ and LR-were 1.36 (95% CI: 1.03-1.80) and 0.27 (95% CI: 0.04-0.51), respectively. An NC ratio threshold of 0.18 ( Figure 3A , horizontal dotted line) correctly diagnosed 91% (10/11; 95% CI: 62%-98%) of ModDys+ lesions, 85% (39/46; 95% CI: 72%-92%) of clinically normal sites, and 49% (22/45; 95% CI: 35%-63%) of benign lesions. The PPV and NPV for lesions were 30% (10/33; 95% CI: 17%-47%) and 96% (22/23; 95% CI: 79%-99%), respectively. The LR + and LR-were 1.78 (95% CI: 1.26-2.50) and 0.19 (95% CI: 0.03-0.31), respectively. The multimodal imaging linear threshold ( Figure 3A , diagonal solid line) incorporating both AFI and HRME correctly diagnosed 91% (10/11; 95% CI: 62%-98%) of ModDys+ lesions, 93% (43/46; 95% CI: 83%-98%) of clinically normal sites, and 64% (29/45; 95% CI: 50%-77%) of benign lesions. The PPV and NPV for lesions were 38% (10/26; 95% CI: 22%-57%) and 97% (29/30; 95% CI: 83%-99%), respectively. The LR+ and LR-were 2.56 (95% CI: 1.65-3.95) and 0.14 (95% CI: 0.02-0.21), respectively. The difference in percentage of correctly classified benign lesions between AFI only and AFI plus HRME was statistically significant (p=0.001); the other comparisons did not reach statistical significance. These results are summarized in Figures 3C and 3D .
To assess the association between a false positive diagnosis and inflammation, a scatterplot of the NC ratio vs. the normalized RG ratio for the benign lesions stratified by inflammation status is shown in Figure 3B 
Clinical Impression
As shown in Figure 4 , of the three groups of dentists providing clinical impressions of the 56 analyzed lesions, the 'expert clinician' had the highest performance to diagnose ModDys+ (AUC = 0.88), followed by the two 'other experts' (mean AUC 0.77, range: 0.76-0.78), and the 26 'non-experts' (mean AUC 0.71, range: 0.45-0.86). If clinical impressions ≥3 were considered ModDys+, the 'expert clinician' correctly diagnosed 100% of ModDys+ lesions and 73% of benign lesions, corresponding to a PPV of 48%, NPV of 100%, LR+ of 3.70 (95% CI: 2.29 to 5.99) and LR-of 0. The 'other experts' correctly diagnosed 77% (range: 73%-82%) of ModDys+ lesions and 77% (range: 73%-81%) of benign lesions, corresponding to a PPV of 46% (range: 43%-50%), NPV of 93% (range: 92%-94%), LR+ of 3.35 (95% CI: 1.79 to 6.25) and LR-of 0.30 (95% CI: 0.10 to 0.42). Finally, the 'nonexperts' correctly diagnosed 79% (range: 30%-100%) of ModDys+ lesions and 65% (range: 29%-89%) of benign lesions, corresponding to a PPV of 35% (range: 15%-62%), NPV of 87% (range: 79%-100%), LR+ of 2.26 (95% CI: 1.37-3.37) and LR-of 0.32 (95% CI: 0.10-0.48). These results are summarized in Figure 5A -B.
The AUC of each of the 29 dentists after incorporating imaging information was estimated using cross-validation of k-NN models (Figure 1 ). The addition of the normalized RG ratio to clinical impression lowered the AUC for all three groups; the mean AUCs were 0.84, 0.74 (range: 0.70-0.77), and 0.68 (range: 0.40-0.82; p=0.018) for the 'expert clinician', 'other experts', and 'non-experts', respectively. In contrast, the combination of clinical impression, the normalized RG ratio from AFI, and the NC ratio from HRME increased the mean AUC of all three groups. The AUC of the 'expert clinician' increased from 0.88 to 0.90, the mean AUC of the two 'other experts' increased from 0.77 to 0.86 (range: 0.84-0.87), and the mean AUC of the twenty-six non-experts increased from 0.71 to 0.79 (range: 0.61-0.90; p<10 −6 ).
Discussion
In this study, we explored the diagnostic value of AFI and HRME to classify dysplastic or cancerous and benign oral mucosal lesions, including many non-OPL confounder lesions, as well as clinically normal mucosa in a low-risk population typical of community dental clinics. Then, we assessed the potential benefit of imaging to the clinical impression of dentists of varied levels with training.
AFI accurately diagnosed ModDys+ lesions (91% correct) and clinically normal sites (89% correct), but was ineffective for benign lesions (33% correct). Benign lesions with severe inflammation were significantly more likely to be false positives. These results suggest that AFI can visualize oral mucosal lesions but cannot distinguish ModDys+ lesions from benign lesions in the community setting. Accordingly, the VELscope (LED Dental, Atlanta, Georgia), an AFI device, is FDA approved to "enhance the identification and visualization of oral mucosal abnormalities that may not be apparent or visible to the naked eye" but not to predict pathology [38] .
The HRME was more accurate than AFI, correctly diagnosing 91% of ModDys+ lesions, 85% of clinically normal sites, and 49% of benign lesions, although the differences were not statistically significant. It is unclear why the accuracy was lower for benign lesions than for clinically normal sites. Unlike AFI, severe stromal inflammation did not significantly affect the false positive rate of benign lesions. The combination of HRME and AFI ("multimodal imaging") improved the diagnostic ability of either modality alone, correctly diagnosing 91% of ModDys+ lesions, 93% of clinically normal sites, and 64% of benign lesions. The increase in performance for benign lesions was statistically significant compared to AFI alone.
We also surveyed dentists of varied training levels to assess their ability to distinguish ModDys+ lesions from benign lesions. The oral pathologist treating the patient had the highest performance (AUC = 0.88), followed by the two specialists (AUC = 0.77) and the 26 dental residents (AUC = 0.71) viewing white-light images of the lesions. In a general practice setting, oral lesions are ideally evaluated with high NPV, but not at the expense of an excessively low PPV. At this operating point, the dental residents had worse NPV (97% vs. 87%), PPV (38% vs. 35%), LR+ (2.26 vs. 2.56), and LR-(0.32 vs. 0.14) than AFI and HRME combined, although these values were within the 95% confidence intervals for multimodal imaging. The large ranges in AUC (0.45-0.86), sensitivity (30%-100%), specificity (29%-89%), PPV (15%-62%), and NPV (79%-100%) of the dental residents, a population with training similar to GDPs, highlights the potential benefit of automated algorithms to reduce variation.
Finally, we assessed the impact of adding imaging information to clinical impression. The addition of AFI to clinical impression slightly decreased the AUC of the expert clinician, other specialists, and dental residents. This decrease was statistically significant for the dental residents, indicating that AFI does not provide diagnostic information helpful to GDPs for this population. On the other hand, the addition of HRME and AFI to clinical impression improved the AUC of all three groups, with the increase for dental residents being statistically significant. These results indicate that HRME provides information unavailable through visual assessment.
Previous studies of these imaging modalities in high-risk surgical patients at MD Anderson Cancer Center found that AFI provided significant diagnostic value in that setting [31, 34] . The patients in this study were from a community dental clinic at UTSD-Houston and reflect the low-risk patients presenting to community dentists, including a diverse array of non-OPL oral mucosal lesions. The difference in AFI's performance between the two settings underscores the importance of studying diagnostic adjuncts in a variety of populations.
Overall, our results point to the potential value of AFI and HRME to GDPs. Only 11 of the 45 biopsied lesions were ModDys+; the other 34 biopsies were theoretically unnecessary. AFI and HRME could help reduce these unnecessary biopsies, and identify ModDys+ in lesions that would not have been biopsied. In the US, a typical biopsy costs several hundred dollars. With a one-time instrumentation cost of a few thousand dollars, cost savings could be achieved quickly by reducing the number of unnecessary biopsies. Improved early diagnosis could also lead to significant cost savings. Other potential benefits include biopsy site guidance and improved surveillance. In practice, GDPs can interpret HRME images subjectively and/or objectively with automated algorithms. Two studies have found that nonpathologists can accurately distinguish HRME images of cancerous tissue from benign tissue with high inter-rater agreement and little training [39, 40] . Although low-quality images and dysplasia images were excluded from both studies, they suggest that GDPs could learn the fundamentals of subjective HRME image interpretation. The performance metrics in this study were based on objective algorithms, establishing their feasibility in this setting.
A weakness of this study is that only 11 ModDys+ lesions were imaged, a challenge in lowprevalence populations. A larger study could validate these results and provide data to optimize the image analysis algorithms without overfitting. The HRME algorithm could be improved with better methods to identify and exclude debris or keratin from segmentation, utilization of additional features, and more complex classification models. A second weakness is that surveyed dentists were unable to palpate the lesions and did not have a clinical history, so the results may differ from their true clinical performance.
Since this study was conducted, we have made improvements to the HRME. In this study, HRME data were collected as videos, and selecting image frames required significant manual labor. A newly developed second generation HRME features a foot pedal that can pause and unpause the image feed [30] . The clinician can pause at a quality image and save it for real-time analysis, eliminating the need for manual selection. Alternatively, we have developed an algorithm that automates frame selection [41] . It was also difficult to visualize nuclei in lesions with a superficial keratin layer. We are testing if a mechanical tool similar to a brush biopsy could remove surface keratin to allow for successful imaging.
In the future, AFI and HRME could be integrated such that AFI first identifies high-risk regions within a large lesion followed by HRME imaging at those regions. This procedure would rapidly assess an entire field of mucosa and help clinicians select a biopsy site. With these advances, multimodal imaging has the potential to improve the evaluation of oral lesions in the community and help address the global oral cancer burden. impression with imaging feature(s), which were used to calculate the AUC of each dentist in the validation set. The AUC of each dentist was then averaged across all ten folds. This entire procedure was repeated 50 times, and the AUC of each dentist was averaged across the 50 runs. Bottom row: HRME images showing nuclei of the superficial epithelium. (A-C) Images from a site rated "clinically normal" by the expert clinician that was negative by AFI and HRME. The site was not biopsied. (D-F) Images from a site rated "oral mucosal lesion, not suspicious" by the expert clinician that was negative by AFI and HRME. The histopathological diagnosis was a benign fibroma without severe inflammation. (G-I) Images from a site rated "oral mucosal lesion, suspicious" by the expert clinician that was positive by AFI but negative by HRME. The histopathological diagnosis was lichenoid mucositis with severe inflammation. (J-L) Images from a site rated "cancer" by the expert clinician that was positive by AFI and HRME. The histopathological diagnosis was moderately differentiated squamous cell carcinoma with severe inflammation. normalized RG ratio of benign lesions (excluding mild dysplasia), stratified by inflammation status. Thresholds are identical to (A). (C) Percentage of sites correctly classified by AFI, HRME, and AFI+HRME using the thresholds in (A). (D) PPV and NPV of AFI, HRME, and AFI+HRME using the thresholds in (A) for the 56 lesions. Table 1 Summary of Analyzed Sites.
Analyzed Sites Classification Pathology
Normal Oral Mucosa, No Biopsy (46) Clinically Normal (46) N/A Biopsied Lesions (56) Benign (45) Lichenoid Mucositis (17) Fibroma (9) Granuloma (2) Pemphigus/Pemphigoid (2) Hyperkeratosis and/or Hyperplasia (4) Lymphoid Epithelial Cyst (1) Mucositis / Gingivitis (2) Papilloma (1) Pseudoepitheliomatous Hyperplasia (1) Pyogenic Granuloma (1) Submucous Fibrosis (1) Ulcer (1) Mild Dysplasia (3) a Moderate Dysplasia+ (11) Moderate Dysplasia (7) Severe Dysplasia (1) Oral SCC (3) a Mild dysplasia was considered benign due to its low risk of malignant progression and the difficulty of distinguishing mild dysplasia from reactive atypia in this population.
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